Salmonella typhimurium LT2 contains intervening sequences (IVSs) of 90^110 nt within all its 23S rRNA that are cleaved out by RNase III, resulting in rRNA fragmentation. In order to determine the functionality of 23S rRNA that contains unexcised IVSs, we constructed an S. typhimurium RNase III (rnc) deficient strain by transducing a mini-Tn10 (rnc-14: :Tn10) from Escherichia coli K-12. The resulting strain of S. typhimurium was viable, contained IVSs within all of its 23S rRNA, and showed a growth reduction similar to that observed for the RNase III deficient strain of E. coli. These results indicate that ribosomes containing 23S rRNA in which IVSs are not excised are functional in translation, and make it unlikely that RNase III excision of IVSs from strain LT2 23S rRNA is dictated by a selective pressure to uphold the functional integrity of ribosomes. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
RNase III, the gene product of the rnc gene, is responsible for the initial processing of 30S rRNA, which is transcribed from one of seven rrn operons, to 5S, 16S, and 23S rRNAs in Escherichia coli [1] . Two double-stranded RNA stem structures formed by the 30S rRNA transcript that loop-out the 16S and 23S rRNAs are recognized and cut by RNase III; however, no de¢nitive consensus sequence has been reported to account for this precision in activity [2] . After RNase III processing, each of the liberated precursors to the 16S and 23S rRNAs is further processed to mature forms by the action of maturation ribonucleases that, unlike RNase III, require a ribonucleoprotein substrate [1] .
E. coli cells de¢cient in RNase III are viable but accumulate 25S and 30S rRNAs, where 25S rRNA contains contiguous 5S and 23S rRNAs [3] . The accumulation of 25S rRNA in rnc mutants can be inhibited by chloramphenicol, an antibiotic that arrests protein translation. This indicates that in the absence of RNase III, precursor rRNAs are processed by the less e¤cient maturation-type pathways, which require ribonucleoprotein substrates [1] . The 16S rRNA of these mutants was found to be fully matured, but 23S rRNA was present as a heterogeneous population of di¡erentially processed RNA [4] . rnc mutants grow more slowly than wild-type isogenic controls; this may result because the reduced kinetics of rRNA processing leads to the accumulation of 25S and 30S rRNAs, resulting in fewer functional ribosomes and thus reduced protein synthesis. Slower growth might also occur because the immature 23S rRNA may be less e¤cient in translation. In addition, since RNase III controls the half-life of certain mRNAs [5] , some transcripts and their gene products may accumulate in rnc mutants, thus reducing growth.
RNase III is responsible for the excision of small helical (about 90^110 nt) intervening sequences (IVSs) from helix-25 and -45 tetra-loops in the 23S rRNA of Salmonella typhimurium LT2 [6] . The activity of RNase III on IVSs results in all 23S (2.9-kb) rRNA in strain LT2 becoming cleaved to sizes that correspond to 2.4-, 1.7-, 1.6-, 0.7-, and 0.5-kb rRNAs. This is because S. typhimurium LT2 contains IVSs in all seven 23S rRNA (rrl) genes at either the 550-bp (helix-25) or 1170-bp (helix-45) positions, or in both [7] . IVSs in S. typhimurium can be gained or lost [7] , due to gene conversion between di¡erent rrl genes [7, 8] . This implies that IVSs may be selectively neutral, as long as RNase III relieves the stress of having IVSs in the ribosome by promptly removing them.
To determine if ribosomes composed of 23S rRNA containing IVSs are functional, we constructed an rnc (RNase III de¢cient) mutant of S. typhimurium LT2, which would be expected to have intact 23S rRNA, all of which contain IVSs. Here, we describe the transduction of the mini-Tn10 transposon-insertion rnc-14: :vTn10 from the RNase III de¢cient E. coli strain HT115 [9] into S. typhimurium LT2 and characterization of the resulting rnc mutant.
Materials and methods

Bacterial strains and cultivation conditions
E. coli, S. typhimurium, and phage P22 strains used are shown in Table 1 and are available from the Salmonella Genetic Stock Centre (SGSC). All strains were grown on Luria-Bertani medium (LB) at 37³C; LB agar also contained 1.5% agar (Difco). Bacterial growth in liquid culture was assessed by changes in turbidity by use of a Klett-Summerson photoelectric colorimeter. Antibiotic concentrations used for phenotype testing and routine growth were as follows : 50 Wg ampicillin (Ap) ml 3I , 25 Wg 
rfb , rfc (Km ) [11] kanamycin (Km) ml 3I , 100 Wg rifampicin (Rp) ml 3I , and 20 Wg tetracycline (Tc) ml 3I .
Enzymes and chemicals
DNase I was from Pharmacia, and rRNasin was from Promega. Most other chemicals, including agarose, were from Sigma Chemical Co.
RNA isolation, electrophoresis, Northern
blotting, and methylene blue staining RNA was isolated from E. coli and S. typhimurium, electrophoresed by glyoxal-DMSO-denaturing agarose gel, and methylene blue stained as described [7] . The rapid alkaline blotting protocol of Chomczynski [10] was used to transfer RNA to Hybond-N membranes (Amersham).
Oligonucleotide hybridization and chemiluminescent detection of IVSs
Methylene blue stain was removed from Hybond-N membranes by washing with a solution of 1% SDS and 2USSPE (0.3 M NaCl, 2 mM EDTA, 20 mM NaH P PO R [pH 7.4]) for 15 min. 10 pmol ml 3I of digoxigenin (DIG) end labeled oligonucleotide, speci¢c for the helix-45 IVS (5P-TAAAGTTGTCTT-GGGTGATAC-3P) [7] , was then hybridized to the membrane bound RNA and detected by chemiluminescence using Kodak XAR ¢lm as recommended by the DIG supplier (Boehringer Mannheim).
Computer methods
Original Polaroid photographs were scanned by an AGFA Arcus II scanner and reproduced using a Kodak XLS-8600 PS dye-sublimation printer.
Results
Construction of S. typhimurium LT2
rnc-14: :vTn10 E. coli HT115, in which the mini-Tn10 transposon is inserted into the rnc gene (rnc-14: :vTn10, Tc ), is RNase III de¢cient [9] . We used this strain to transduce rnc-14: :Tn10 into S. typhimurium LT2 using phage P22 HT105 (high frequency transducing) int-102 (integration de¢cient) [11] as shown in Fig. 1 . To facilitate inter-species transduction, E. coli HT115 was made phage P22 sensitive by incorporating cosmid pPR1347 into its genome, which contains the rfb and rfc gene cluster required to produce the group B long chain O antigen necessary for phage P22 adsorption [11] . In addition, as an intermediate step in the construction, the S. typhimurium methyl directed mismatch repair de¢cient (mutL-111: :vTn10) strain SA3856 was used to enhance inter-species recombination [12] . We produced the S. typhimurium RNase III de¢cient strain SA5303, which is isogenic with the wild-type LT2.
Characterization of S. typhimurium LT2
rnc-14: :vTn10
RNA was isolated from S. typhimurium strains SA5303 (rnc-14: :vTn10) and LT2 ( Fig. 2A, lanes 1  and 2) , and E. coli strains HT115 (rnc-14: :vTn10) and W3110 (rnc ) ( Fig. 2A, lanes 3 and 4) . 23S rRNA with 25S and 30S rRNAs were observed for E. coli HT115 (lane 3) because RNase III de¢cient strains fail to carry out normal rRNA processing. In S. typhimurium LT2 (lane 2) the 23S rRNA is cleaved into 2.4-, 1.7-, 1.2-, 0.7-, and 0.5-kb fragments as observed in earlier results [7] . S. typhimurium SA5303 contained 23S rRNA but none of the 23S rRNA fragments seen in lane 2; this indicated that RNase III was responsible for excision of IVSs with resulting formation of fragments in the wildtype strain (lane 1). The presence of rRNA species that correspond to 25S and 30S rRNA from E. coli HT115 were also visible in strain SA5303 (lane 1). A careful examination of the 23S, 25S, and 30S rRNA from S. typhimurium SA5303, showed that they were slightly larger than those of E. coli HT115 (lane 3); this extra size can be attributed to the presence of IVSs.
To determine whether IVSs were indeed present within the 23S, 25S, and 30S rRNAs of strain SA5303, a DIG-labeled oligonucleotide probe specific for the S. typhimurium LT2 helix-45 IVS was hybridized to the membrane presented in Fig. 2A . The oligonucleotide probe was detected by chemiluminescence and showed that IVSs were present in the 23S, 25S, and 30S rRNAs of strain SA5303 (Fig. 2B, lane  1) , and not in S. typhimurium LT2 (Fig. 2B, lane 2) , E. coli HT115 (Fig. 2B, lane 3) , or E. coli W3110 (Fig. 2B, lane 4) .
Plasmid pACS21 (rnc ) [13] , was electroporated into S. typhimurium SA5303 and strain SA5304 (rnc-14: :vTn10/pACS21[rnc ]) was isolated by selecting for Tc and Ap . RNA isolated from SA5304 did not contain intact 23S rRNA (Fig. 3,  lane 1) , as was present in strain SA5303 (Fig. 3,  lane 2) , and was indistinguishable from RNA isolated from S. typhimurium LT2 (Fig. 3, lane 3) .
This demonstrated that RNase III, encoded by the rnc gene of E. coli carried by pACS21, was able to complement the chromosomal de¢ciency in strain SA5303 and restore 23S rRNA cleavage.
Bacterial growth was measured by changes in turbidity of LB broth cultures incubated at 37³C with aeration (Fig. 4) , and doubling times were calculated early in exponential growth. In Fig. 4A , the doubling time for S. typhimurium SA5303 (rnc-14: :vTn10) of 60 min was 36% longer than for the isogenic wildtype control strain LT2, of 44 min. In addition, the doubling time of S. typhimurium SA5304 (rnc-14: :vTn10/pACS21[rnc ]) was 50 min. The observation that the growth rate of strain SA5304 was not completely restored when compared to strain LT2 may re£ect a gene dosage e¡ect, as the rnc gene in this strain is carried on a high copy number plasmid and may be over-expressed. Normally, rnc is present as a single copy, producing enzyme that represents only 0.01% of total cellular protein [13] . The doubling time for E. coli strain HT115 (rnc-14: :vTn10) of 59 min was found to be 33% longer than the doubling time for E. coli W3110 (parent of strain HT115), which was 45 min (Fig. 4B) , and this was consistent with values found in the literature [4, 14] . Fig. 1 . Construction of RNase III de¢cient S. typhimurium. The method used to construct S. typhimurium RNase III de¢cient strain SA5303 was as follows. A: We transduced the rnc-14: :vTn10 allele from E. coli HT115 into S. typhimurium, using the generalized transducing phage P22 HT105 int-102. To allow for infection of E. coli HT115 with phage P22, cosmid pPR1347 was transferred to strain HT115 by conduction using the transfer functions of the FPlac present in E. coli SAB4793 that formed a cointegrate with pPR1347, and E. coli SAB5300 that was Km was produced. B: Phage P22 was propagated on strain SAB5300, and a 10 IH plaque forming units (pfu) ml 3I lysate was obtained. C: Transduction from E. coli to S. typhimurium was further complicated by the endogenous methyl-directed mismatch (mut) repair system of S. typhimurium, which reduces inter-species homologous recombination to a low rate when sequence divergence is above 10^20% [12] . To facilitate transduction of rnc-14: :vTn10, S. typhimurium SA3856, which contains mutL-111 : :Tn10 and is methyl-directed mismatch repair de¢cient, was used as the transduction recipient. Since strain SA3856 already contained a Tn10 that confers Tc upon S. typhimurium, strain SA3856 was cured of its Tn10 by selecting for loss of Tc , through a spontaneous deletion, by plating on the medium of Bochner et al. [19] , which selected for the Tc sensitive strain SA5301. The mismatch repair de¢ciency of SA5301 was con¢rmed by its ability to grow on Rp, an antibiotic known to inhibit RNA polymerase priming activity [20] . D: S. typhimurium SA5301 was transduced with lysate obtained by phage P22 propagation on E. coli HT115 (rnc-14: :vTn10), and, with selection for Tc on LB agar, S. typhimurium SA5302 was isolated. Strain SA5302 was con¢rmed to be RNase III de¢cient on the basis of observing 23S, 25S, and 30S rRNAs by methylene blue staining a Northern blot of a glyoxal-DMSO-denaturing RNA gel (data not shown). E: The rnc transposon-insertion was then moved from the mismatch repair de¢cient background to a wild-type strain ; phage P22 was propagated on strain SA5302, and a 10 IH pfu ml 3I lysate was obtained. F: This lysate was then used to transduce S. typhimurium LT2 (wild-type) to Tc that resulted in strain SA5303 (rnc-14: :vTn10), which was used for RNase III de¢ciency characterization. Fig. 2 . rRNA isolated from strains of S. typhimurium and E. coli. A: rRNA was observed following glyoxal-DMSO-1.2% agarose gel electrophoresis of 10 Wg of the RNA, blotting to a Hybond-N membrane, and staining with methylene blue. RNA from S. typhimurium SA5303 (rnc-14: :vTn10) shows intact 23S and 16S rRNA, with 25S and 30S rRNAs (lane 1). S. typhimurium LT2 shows the characteristic 23S rRNA cleavage pattern (lane 2). E. coli HT115 (rnc-14: :vTn10) shows 16S, 23S, 25S, and 30S rRNAs (lane 3). E. coli W3110 (rnc ) shows the position of the 16S and 23S rRNAs (lane 4). B: Hybridization of the membrane (above) with an oligonucleotide speci¢c for the helix-45 IVS from S. typhimurium LT2 was detected by chemiluminescence. Only 23S, 25S, and 30S rRNAs from S. typhimurium SA5303 were detected. Molecular standards in kb are indicated on the left.
Discussion
The RNase III de¢cient strain of S. typhimurium (SA5303) produces rRNA that is not cleaved and that contains IVSs in the 23S rRNA (Fig. 2) . These IVSs must also be present in the translating pool of ribosomes because S. typhimurium LT2 contains IVSs in all seven rrl genes [7] . Interestingly, strain SA5303 does not exhibit a notable change in growth rate when compared to that observed for E. coli that harbors the same mutation, as both rnc strains showed about the same increase in doubling time when compared to their isogenic rnc controls (Fig. 4) . These results support the theory that IVSs are selectively neutral when present in 23S rRNA, as they are apparently not detrimental to growth. This is consistent with Gregory et al. [15] who showed that a plasmid encoded erythromycin resistant rrl gene was still able to confer antibiotic resistance to E. coli when the S. typhimurium rrlD IVS was inserted into it. Moreover, a chemical mutant strain of Rhodobacter capsulatus, which contains IVSs similar to S. typhimurium that give rise to 23S rRNA cleavage, was shown to have intact 23S rRNA [16] . This R. capsulatus strain, like strain SA5303, was found to be de¢cient in a homologue of the E. coli rnc gene product.
If the presence of IVSs in the 23S rRNA does not seriously a¡ect the functional integrity of ribosomes, this causes one to question why IVSs are continually excised from the rRNA at all. The answer may be in the positioning of IVSs at helix-25 and -45 in the 23S rRNA, since these or analogous sites seem to be commonly occupied among those eubacteria that possess IVSs [17] . In this regard, it has been reported that helix-25 and -45 cap nucleotides in E. coli are chemically reactive to modifying reagents while folded in the 50S ribosomal subunit; this suggests that these two helices are at least partially exposed on the surface of the ribosome [18] . In this case, IVSs in S. typhimurium SA5303 probably do not interfere with translation, and hence with growth, because they extend out and away from the functional core of the ribosome. Furthermore, if E. coli helix-25 and -45 cap nucleotides are accessible to modi¢cation on the surface of the ribosome, it is reasonable to assume that IVSs, being extensions of these smaller helices in S. typhimurium, should also be accessible, and conceivably even more so due to their larger size. Therefore, this accessibility may be a feature of IVSs that has determined their suitability as substrates for RNase III, which seems plausible when considering that potentially any stable and accessible RNA duplex of su¤cient length is an RNase III substrate. This mode of RNase III activity is supported by the enzyme producing staggered singlestranded breaks about every 15 nt in high molecular mass double-stranded RNA substrates [2] .
